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X-ray diffractionThe thermal expansion of a lead sulﬁdenanoﬁlmproduced by chemical bath depositionwas determined byX-ray
diffraction (XRD). The thickness of the synthesized ﬁlm was about 100nm, and the average size of the coherent
scattering regions as determined from XRD was about 40nm. The lattice constant of the PbS nanoﬁlm was mea-
sured as a function of the annealing temperature from 293 to 473K and as a function of the annealing time at a
constant temperature of 423K. The thermal expansion coefﬁcient derivedwas found almost twice as large as that
for coarse-grained PbS.
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Owing to a narrowband gap of 0.41eV and a high photosensitivity in
the infrared range lead sulﬁde (PbS) found applications in optoelectron-
ics, power engineering, and sensor based systems [1,2]. The optical and
electronic properties of the PbS change when the crystallite sizes de-
crease below ~20–40 nm [3–5]. Thus, nanosized PbS in optical devices
may expand their operation range from the infrared to the visible spec-
tral range [6,7]. Change of lattice properties of PbS, including a thermal
expansion coefﬁcient factor, can occur at a greater size of nanoparticles
owing to change of phonon spectrum and its edges.
Under normal conditions, PbS is a semiconductor with a cubic B1
structure [8,9]. Recent studies have shown that the crystal structure
of the PbS nanoﬁlms (thin nanostructured ﬁlms) may be different.
The term “nanoﬁlm” or “nanostructured ﬁlm” means that in the
ﬁlm the average size of the coherent scattering regions is less than
100 nm. A cubic (space group F43m ) B3 structure was found in
[10] for nonstoichiometric lead sulﬁde PbS0.90 and in works [11,12]
it was shown that the PbS ﬁlms with nanoparticles from 70 to
80 nm in size have a cubic (space group Fm3m) D03-type structure.
In these nanoﬁlms, PbS has the chemical formula PbSy4(b)S1 − y8(c) ,
where y b1, and the sulfur atoms occupy statistically with probabil-
ities y and (1− y) / 2 octahedral 4(b) and tetrahedral 8(c) sites, re-
spectively. Studies of the thermal stability of the PbS nanoﬁlms in
air [11] showed that the D03 structure remains stable at least up to
a temperature of 430 K. According to [13], oxidation of the PbShemistry, The Ural Branch of
Ekaterinburg 620990, Russia.
vnikova).
ghts reserved.nanoﬁlms starts at a temperature above 623K. There is no informa-
tion on the thermal expansion of the PbS ﬁlms in the literature
though such data would be useful for applications since substrates
with similar thermal expansion coefﬁcients could be chosen for
ﬁlm deposition. It is very important that in situ investigation of a lat-
tice constant of the PbS nanoﬁlms at various temperatures allows to
study thermal expansion of a crystal lattice which depends on the
size of coherent scattering regions and on the change of crystal
structure. The data received will also be very useful for exploration
of nanoﬁlms at elevated temperatures.
In this paper we report on an in situ study of the effect of tempera-
ture and annealing time on the structural properties of the PbS
nanoﬁlms.
2. Experimental details
Chemical bath deposition was used for the synthesis of the PbS
nanoﬁlms based on a reaction of lead acetate (Pb(OAc)2) and thiourea
((NH2)2CS) in aqueous solution containing alkali and sodium citrate
(Na3C6H5O7). As a result of hydrolysis of (NH2)2CS, sulﬁde ions appear
in the solution and the formation and deposition of PbS sets in [14].
All nanoﬁlms were deposited on glass substrates. The deposition was
in a liquid thermostat at рН=12 controlled by an ionometer pH/Ion
Meter CyberScan 2100 (Eutech Instruments) and at Т=325K. The initial
concentrations of the reactants were [Pb(АсO)2] = 5 mM and
[(NH2)2CS] = [Na3Cit] = 25 mM. The duration of the synthesis was
60 min. According to microinterferometric measurements the synthe-
sized PbS ﬁlms were about 100nm in thickness.
Themicrostructure of the deposited ﬁlm and the PbS grain sizewere
examined by scanning electronmicroscopy (JEOL-JSM LA 6390). The el-
emental composition of the PbS ﬁlms on a glass substratewas estimated
Fig. 1.Microstructure of the PbS ﬁlm: PbS nanoparticles of size 60 to 100nm are united in
the agglomerates having the size up to 250 nm; the ﬁlm coverage is about 80–85%. The
inset shows size distributions of PbS nanoparticles in the lead sulﬁde nanoﬁlms, about
50% particles are from 60 to 80 nm in size.
Fig. 3. XRD patterns of the PbS nanoﬁlm during heating from 293 to 443K. The number of
counts is shown in the logarithmic scale. The inset shows the shift of the 220 reﬂection
with increasing temperature.
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phase composition was determined by X-ray diffraction (XRD) phase
analysis.
SEM imagesweremade atmultiplication from 2000 to 50,000 times,
at accelerating voltage from 7 to 30kV, and working distance of 10mm.
EDXanalysiswas performedusingmultiplication of 2000 times, acceler-
ating voltage of 30kV, and spot size of 44.
XRD diffraction measurements were performed in situ on a
Philips X'Pert diffractometer in Bragg–Brentano geometry with
CuKα1,2 radiation in the 2θ angle interval from 18 to 90° with a step
of Δ(2θ) = 0.016°, and the exposure time was 600 s for each data
point. The diffractometer was equipped with a position-sensitive
high-speed sector detector X'Celerator [15], which records intensity
in a 2θ range of 7.2°. XRD data were taken during heating and anneal-
ing in the temperature range from 293 to 443K.
For the annealing of theﬁlms, a ceramic furnacewas heated by a sta-
bilized current source Stab-Doppel-Labor-Netzgerät EA-3023. The tem-
perature of the ﬁlms was measured by a noncontact method with an
infrared thermometer IR-1000L (Voltcraft). The uncertainty and stabil-
ity was ±3K. The substrate with the PbS nanoﬁlm was placed directly
on the heating element.Fig. 2. Experimental (crosses) and ﬁtted (solid line) XRD spectra with a difference plot
shown in the lower part. The inset shows the reduced broadening β⁎(2 θ) where the
dashed line represents the 95% conﬁdence interval.The PbS nanoﬁlm was divided before the measurements into two
parts. One part was heated from 293 to 473 K in steps of 30 K. Subse-
quently the ﬁlm was cooled to room temperature with the same steps.
When the assigned temperature was reached, an XRD was taken for
6h. The duration of measurements was 48h for heating and for cooling.
Considering that heating and cooling were slow, it can be assumed that
the values of the lattice constant and of the thermal expansion coefﬁ-
cient were in equilibrium.
The second part of the PbS ﬁlmwas heated from 293 to 423K during
1 h, and XRD patterns were taken at the 423 K after 1, 13, 19, 25, and
38 h. After 44 h the sample was cooled to 293 K and a further data set
was taken.
The phase composition of the ﬁlm was evaluated by the Match! ©
Crystal Impact program package [16], and the X'Pert Plus software
suite [17] was used to determine the crystal lattice constant and for
the structural reﬁnement.
3. Results and discussion
The electron microscopy studies show nanoparticles smaller than
120nm(Fig. 1). These nanoparticles form agglomerateswith an average
size of about 250nm. Inspection of scanning electronmicroscopy (SEM)
image reveals that the ﬁlm covers not more than ~80–85% of the sub-
strate surface. The size distributions of nanoparticles in the PbS ﬁlm
under study is shown in the inset. The size distribution is derived from
the SEM data and is unimodal. The peak of the size distribution corre-
sponds to particles, whose size is ~70nm, with about one half of all par-
ticles having size in the range from 60 to 80nm (see the inset to Fig. 1).
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the ﬁlm, the EDX analysis revealed X-ray emission lines of the
chemical elements of the ﬁlm (Pb, S) and of elements of the glass
substrate (Si, Mg, Ca, Na, Al, O). Taking this into account the elemen-
tal composition of the ﬁlm corresponds to a stoichiometric relation
of Pb:S=1:1 with an accuracy of about 1 at.%.
The XRD of the as-prepared PbS nanoﬁlmmeasured at ambient tem-
perature is shown in Fig. 2. Full proﬁle reﬁnement shows that the posi-
tion and intensity of reﬂections correspond to cubic PbS with the D03
structure, in agreement with [11,12]. The lattice constant for the PbS
ﬁlm is 593.35 ± 0.05 pm. All observed reﬂections show appreciable
broadeningβ(2θ) (Fig. 2). From this the average sizeD of coherent scat-
tering regions and the value of microstrains ε have been estimated
using the Williamson–Hall method [18,19]. The dependence of the re-
duced broadening β⁎(2θ) = [β(2θ)cosθ] / λ on the scattering vector
s=2(sinθ) / λ for the as-prepared PbS nanoﬁlm is shown in the inset
in Fig. 2. The average size of coherent scattering regionswas determined
as D=1 / [β⁎(2θ)]s= 0 by extrapolating β⁎(s) dependence to the zero
value of s, and the microstrain ε was obtained from the slope angle φ
with ε = (tan φ)/2. Our evaluation shows that D in the as-prepared
ﬁlm is ~40nm and microstrain is lacking.
The XRD patterns of the PbS nanoﬁlm recorded in situ during
heating from 293 to 443 K are presented in Fig. 3. Fig. 4 shows the
XRD patterns of the PbS nanoﬁlm recorded in situ at 423 K versus an-
nealing time. All XRD reﬂections in Figs. 3 and 4 correspond to cubicFig. 4. XRD patterns of the PbS nanoﬁlm obtained in situ for different annealing times at
423 K and upon cooling of the ﬁlm to 293 K. The intensity is shown in logarithmic scale.
The displacement of the XRD (220) reﬂection with an increase in the annealing duration
to 38 h is shown in the inset with a dotted line.PbS. The Rietveld factor RI for all the XRD patterns does not exceed
0.018.
As seen from the inset in Fig. 3, the increase in the annealing
temperature is accompanied by a systematic shift of reﬂections to
smaller 2θ angles, which corresponds to an increase of the lattice
constant. Similarly, the increase in the annealing time at 423 K is
also accompanied by a shift of reﬂections to smaller 2θ angles
(inset in Fig. 4).
Fig. 5 shows the variations of the lattice constant of the PbS
nanoﬁlm with annealing temperature from 293 to 473 K (panel a)
and annealing time at 423 K (panel b). As the temperature rises
from 293 to 473 K, the lattice constant increases from 593.35 to
597.50pm. When the ﬁlm is cooled to 293K, the lattice constant de-
creased to 593.35pmwhich coincides with the lattice constant of the
as-prepared nanoﬁlm (Fig. 5а). Temperature dependence of the lat-
tice constant a (see Fig. 5а) is not linear and is described by quadratic
function аТ=0.5868+2.164×10−5 T+2.305×10−9 T2. During the
heating of the second part of the PbS nanoﬁlm for 1 h from ambient
temperature to 423K the lattice constant is increased from 593.35 to
595.85pm (see Fig. 5b), i.e. to a value smaller than the one observed
during the slow and continuous temperature rise. When the anneal-
ing time at 423Kwas increased to 38h, the lattice constant gradually
grew to its maximal value of 596.37±0.05pm, which corresponds to
the equilibrium value of the lattice constant at 423K (Fig. 5a). This is
conﬁrmed by reaching saturation shown in Fig. 5b.Fig. 5. Effect of temperature and annealing time on the lattice constant acub of the PbS
nanoﬁlm: (a) variation of the lattice constant ( ) at increasing temperature from 293
to 423 K, variation of the lattice constant ( ) during cooling from 423 to 293 K, and
variation of the lattice constant (o) during exposure of the nanoﬁlm at a temperature
of 423 K; (b) lattice constant a (o) versus duration of annealing of the nanoﬁlm at
423 K, (□) is the lattice constant of the initial (before annealing) nanoﬁlm measured
at 293 K and measured at 293 K upon cooling of the nanoﬁlm annealed for 38 h at
423 K. The solid and dotted arrows show the direction of the experiment during lat-
tice constant measurement. The red dotted arrows on panel a and red arrow on
panel b show the same experiment.
Fig. 6. Effect of temperature and annealing time on the linear thermal expansion coefﬁ-
cient α of the PbS nanoﬁlm: (a) variation in the coefﬁcient α ( ) when the temperature
increases from293 to 423K, ( ) during cooling from423 to 293K, and ( ) during exposure
of the ﬁlm at 423 K, the vertical arrow shows an increase of coefﬁcient α at a rise of dura-
tion of annealing at a temperature of 423K; (b) dependence of the coefﬁcient α ( ) on the
duration of annealing of the ﬁlm at 423 K.
Fig. 7. Effect of the annealing temperature on the average size of the CSR and on the
microstrain ε: (●) initial nanoﬁlm at room temperature, (∇) ﬁlm annealed at 413 K, and
( ) ﬁlm annealed at 443 K.
Fig. 8. Linear thermal expansion coefﬁcientα: (●) coarse-grained polycrystalline PbS [20],
(∇) coarse-grained polycrystalline PbS [21], (□) PbS ﬁlm [11], and ( ) results of present
work for the PbS nanoﬁlm.
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coefﬁcient α Tð Þ ¼ aT−a293a293 T−293ð Þ, where aT and a293 are the lattice constants
measured at temperature T and at 293K, respectively. The thermal expan-
sion coefﬁcient α increases from about 37×10−6 to about 39×10−6K−1
during slow heating of the PbS nanoﬁlm from 323 to 443K as shown in
Fig. 6a. From Fig. 5 it is seen that heating of the ﬁlm for 1 h from room
temperature to 423K does not lead to the equilibrium value of the lattice
constant; that is why the thermal expansion coefﬁcient value was small
here, namely, about 32×10−6K−1. When the annealing time of the PbS
nanoﬁlm at 423 K was extended to 38 h, the coefﬁcient α increased
(Fig. 6b) gradually attaining saturation, i. e. it increased by the value of
the thermal expansion coefﬁcient,which is in equilibrium for the temper-
ature of 423K. Themeasurements show that relaxation processes are rel-
evant in these nanoﬁlms at higher temperatures. These processes are
slow at the time scale of the present experiments and the equilibrium
values of the lattice constant and the thermal expansion coefﬁcient are
only reached after many hours of annealing. While plotting the depen-
dence α(Т) (see Fig. 6а), annealing time was taking into consideration
by an increasing determination error of thermal expansion coefﬁcient.
For example, increase in temperature on 130 K (from 293 to 423 K, see
Fig. 6b) is accompanied by an increase of the lattice constant from 593.4
to 595.9 pm (Δa=2.5 pm). Annealing at this temperature within 40 h
leads to increase of the lattice constant only to 596.3pm (Δa=0.4pm),
and increase of Δa=0.2pm occurs at the ﬁrst 10h of annealing.
The low rate of the relaxation processes is conﬁrmedby the small var-
iation of the size D of coherent scattering region versus temperature and
annealing time. A heating of 30h to 413K leads to a growth ofD to 70nm
and to the appearance of a weak microstrain of 0.06%. Upon heating to
443 K, D increases to about 130 nm and the microstrain reaches 0.14%
(Fig. 7). As a result of prolonged annealing of 25 h at a constanttemperature of 423 K, a weak growth of D to about 50± 10 nm and a
microstrain of 0.12% were observed.
The thermal expansion coefﬁcient of the nanocrystalline PbS ﬁlm can
be estimated only from the data [11]. According to [11], during cooling of
the PbS nanoﬁlm from 423 to 293K, the lattice constant decreased from
596.37 to 593.26 pm, corresponding to a thermal expansion coefﬁcient
α(423K)=40×10−6 K−1. When the PbS ﬁlm was re-heated from 293
to 393K, the lattice constant increased from 593.26 to 594.92pm corre-
sponding to a coefﬁcientα(393K)=~28×10−6K−1. The thermal expan-
sion coefﬁcient of the PbS nanoﬁlm determined in the present work for
the temperature interval from 320 to 420 K is (37–39) × 10−6 K−1,
which is close to the value reported in [11].
The thermal expansion coefﬁcient of polycrystalline samples of
coarse-grained PbS was measured in [20,21]. In work [20], measure-
ments were performed by interferometry at temperatures from 318 to
648K, and in [21] the thermal expansion coefﬁcient was measured by
dilatometric method in the temperature range between 20 and 340 K
yielding a thermal expansion coefﬁcient of polycrystalline PbS at
300 K of (19–20) × 10−6 K−1. In [21] it was further reported that the
Grüneisen constant of polycrystalline PbS monotonically decreases
from 2.2 to 1.9 as the temperature rises from 20 to 340K, and, according
to [20], the Grüneisen constant increases from 1.98 to 2.26 when the
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functional theory in quasiharmonic approximation, the authors of [22]
calculated the lattice properties of PbS. According to this, the thermal
expansion coefﬁcient at 300K is 29.8×10−6K−1 and theGrüneisen con-
stant amounts from 2.50 to 2.52.
In Fig. 8, the results of the present work for the thermal expansion
coefﬁcient are compared with literature data [11,20,21]. It is seen that
the thermal expansion coefﬁcient of the PbS nanoﬁlms is much larger
than that for the bulk coarse-grained PbS.
The possible causes of increase in α for the PbS thin ﬁlm compare to
the coarse-grained PbS are the small size of the coherent scattering re-
gions in the nanoﬁlm and the different crystal structures, i.e. D03 type
for the PbS nanoﬁlm and B1 type for the coarse-grained PbS.
In present work nanosize effect on thermal expansion is observed
for a binary compound. Similar effect was reported for a metal (copper
Cu) [23].4. Conclusion
As a result of the study it is found that the cubic (space group Fm3m)
D03–type crystal structure of the nanostructured PbS ﬁlm is stable up to
temperature 443K.
The thermal expansion coefﬁcient of the PbS nanoﬁlm in the
temperature range from 293 to 443K is (37–39)×10−6K−1, almost
twice as large as for coarse-grained PbS. The increase in the ther-
mal expansion coefﬁcients α for the PbS nanoﬁlm in comparison
with that of coarse-grained PbS could be due to small size of the
coherent scattering regions which leads to appearing of crystal
structure D03 in the nanoﬁlm instead of B1 structure in conven-
tional thin ﬁlms and leads to change of the anharmonic vibrations
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